Dorsolateral prefrontal cortex (DLPFC) is recruited during visual working memory (WM) when relevant information must be maintained in the presence of distracting information. The mechanism by which DLPFC might ensure successful maintenance of the contents of WM is, however, unclear; it might enhance neural maintenance of memory targets or suppress processing of distracters. To adjudicate between these possibilities, we applied time-locked transcranial magnetic stimulation (TMS) during functional MRI, an approach that permits causal assessment of a stimulated brain region's influence on connected brain regions, and evaluated how this influence may change under different task conditions. Participants performed a visual WM task requiring retention of visual stimuli (faces or houses) across a delay during which visual distracters could be present or absent. When distracters were present, they were always from the opposite stimulus category, so that targets and distracters were represented in distinct posterior cortical areas. We then measured whether DLPFC-TMS, administered in the delay at the time point when distracters could appear, would modulate posterior regions representing memory targets or distracters. We found that DLPFC-TMS influenced posterior areas only when distracters were present and, critically, that this influence consisted of increased activity in regions representing the current memory targets. DLPFC-TMS did not affect regions representing current distracters. These results provide a new line of causal evidence for a top-down DLPFC-based control mechanism that promotes successful maintenance of relevant information in WM in the presence of distraction.
Dorsolateral prefrontal cortex (DLPFC) is recruited during visual working memory (WM) when relevant information must be maintained in the presence of distracting information. The mechanism by which DLPFC might ensure successful maintenance of the contents of WM is, however, unclear; it might enhance neural maintenance of memory targets or suppress processing of distracters. To adjudicate between these possibilities, we applied time-locked transcranial magnetic stimulation (TMS) during functional MRI, an approach that permits causal assessment of a stimulated brain region's influence on connected brain regions, and evaluated how this influence may change under different task conditions. Participants performed a visual WM task requiring retention of visual stimuli (faces or houses) across a delay during which visual distracters could be present or absent. When distracters were present, they were always from the opposite stimulus category, so that targets and distracters were represented in distinct posterior cortical areas. We then measured whether DLPFC-TMS, administered in the delay at the time point when distracters could appear, would modulate posterior regions representing memory targets or distracters. We found that DLPFC-TMS influenced posterior areas only when distracters were present and, critically, that this influence consisted of increased activity in regions representing the current memory targets. DLPFC-TMS did not affect regions representing current distracters. These results provide a new line of causal evidence for a top-down DLPFC-based control mechanism that promotes successful maintenance of relevant information in WM in the presence of distraction.
external interference | top-down control D orsolateral prefrontal cortex (DLPFC) has long been associated with visual working memory (WM) function, with current models suggesting that it is a source of top-down control over posterior regions maintaining information across the short term (1, 2) . One such control process is that of resistance to external distraction, when the appearance of irrelevant information in the visual scene could potentially interfere with maintenance of visual memoranda (3) . Moreover, recent studies suggest that filtering of irrelevant information is one important determinant of WM capacity (4, 5) , as irrelevant information may occupy limited storage resources that could otherwise be devoted to maintaining relevant information (4) . Human lesion (6) and functional magnetic resonance imaging (fMRI) studies (7-9) indicate a specific role for the DLPFC when external distraction must be overcome during the maintenance phase of WM. However, little causal, temporally specific evidence exists on whether DLPFC acts during delays to suppress further processing of distracters (6, 8, 9) or whether it instead enhances neural representations of the maintained targets to protect them (7, 10, 11) . One striking aspect of DLPFC responses is that they typically concern relevant stimuli (targets) but not irrelevant information (distracters) (11) , including during WM (12) . Such observations appear more consistent with target-protection accounts of DLPFC function, but a decisive causal test is nevertheless required.
Two recent studies combined transcranial magnetic stimulation (TMS) over frontal cortex with neural measures of brain activity during visual WM, as assessed via electroencephalography (EEG) (13) or fMRI (14) , to examine the impact of causal TMS manipulations. However, both studies used TMS over the inferior frontal junction, unlike our focus on DLPFC here; they also used prolonged offline TMS and hence could not time-lock TMS to specific task events, unlike in the present study. We return to these results in relation to our own in Discussion.
To study DLPFC influences on posterior WM-related areas during distraction in a causal and time-locked manner, we applied event-related TMS concurrently with fMRI. Applying TMS online during fMRI scanning has revealed blood oxygen level-dependent (BOLD) changes that occur not only at the site of stimulation, but also in anatomically remote but functionally coupled regions. Such observations suggest that TMS induces local activity, which propagates to areas communicating with the stimulated site in particular task conditions (15) (16) (17) (18) . Moreover, such communication (or functional coupling) of the stimulated region with other brain areas can change in a dynamic fashion, thereby permitting assessment of task context-dependent activity propagation within brain networks (19) . Recent studies with TMS-fMRI (20, 21) or TMS-EEG (22, 23) have validated the approach of using TMS as a causal "physiological probe" during behavior, when stimulation modulates remote BOLD responses (or evoked potentials) in a condition-dependent manner, yet does not disrupt task performance. Such an approach also permits study of functional coupling patterns under behaviorally "normal" conditions (thereby avoiding the complications of interpreting neural changes associated with behavioral disruption). Here we adopted this approach to investigate the role of DLPFC under conditions of distraction during WM maintenance. By using fMRI to image how specific posterior brain regions were affected by DLPFC stimulation under different task conditions, we sought to determine how communication between DLPFC and those posterior regions might vary as a function of task context.
Our use of event-related DLPFC-TMS concurrent with fMRI during WM therefore permitted a unique test of: (i) whether DLPFC causally has an impact on posterior brain areas during visual WM; (ii) if this depends on the presence of distracters; and (iii) whether DLPFC influences target-or distracter-representing posterior brain regions during WM maintenance in the face of such distraction. We used a visual delayed recognition paradigm in which participants retained faces or houses over a short delay period ( Fig. 1 A-D) . This task has been shown to produce a sustained delay period response (taken as an index of shortAuthor contributions: E.F., N.W., C.R., and J.D. designed research; E.F. and K.H. performed research; E.F. analyzed data; and E.F. and J.D. wrote the paper.
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This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. E-mail: e.feredoes@ucl.ac.uk. term storage; ref. 24) in posterior category-selective extrastriate regions [fusiform face area (FFA) and parahippocampal place area (PPA) for faces and houses, respectively] (25-27). Additionally, during the delay period, external distraction could arise as visual stimuli from the opposite category to the memory targets (i.e., for face memory trials, any distracters were house stimuli, whereas for house memory trials, any distracters were face stimuli). The presence of distracting stimuli during the delay period has been shown to result in additional activation of DLPFC (8, 9, 28) , indicating a role for this particular region in dealing with distracters; however, whether this DLPFC role operates via target protection or distracter suppression has remained unclear.
On each trial we applied three high-frequency TMS pulses at either a high intensity, intended to produce significant modulations of the BOLD response, or at a low intensity, intended to act as a control (for any nonspecific effects of TMS, e.g., the acoustic artifact from coil discharge and scalp tactile sensation) without producing significant BOLD response changes. The specific TMS parameters and intensities were adopted from several previous concurrent TMS-fMRI studies (20, 21) . Importantly, in the present experiment, the TMS pulses were timelocked to the middle of the unfilled delay period, at the point when distracters could appear. We anticipated that these TMS parameters would not disrupt behavior but would be sufficient to modulate BOLD responses in those regions functionally coupled with DLPFC at the time of stimulation. By measuring the remote effects of high-vs. low-intensity TMS in the FFA and PPA of each participant, we could then assess whether any remote TMS effects were dependent on the presence/absence of distraction. Moreover, because memory targets and distracters were always of the opposite category within each trial, we could test whether DLPFC-TMS influenced the category-sensitive posterior areas representing current memory targets or those representing current distracters, thereby allowing us to infer whether remote causal influences of DLPFC during the delay period of a WM task are related to successful maintenance of target information or suppression of distracter information.
Results
Behavior. High-vs. low-intensity TMS did not alter behavioral performance, consistent with our intended use of TMS as a physiological probe (19, 20) . For each participant, mean proportion correct and median reaction times (milliseconds) were calculated for each condition (Table 1) . A three-way repeatedmeasures analyses of variance (ANOVA) was performed on each of these dependent variables with factors of memory target (face, house), distraction (present, absent), and TMS intensity (high, low). For mean proportion correct, there were no significant main effects or interactions (all F values < 3), but a substantial trend for a main effect of distraction (regardless of TMS) with less accuracy overall when distraction was present [F(1, 15) = 2.99; P = 0.10]. This trend reached significance on a one-tailed t test [t(15) = 2.12; P = 0.05] that can be justified by the directional expectation that distracters should hinder rather than help, despite being of the opposite category to targets. For the reaction time data, there were no significant main effects or interactions (all F values < 1.7).
fMRI Data. We first investigated the effect of distraction present vs. absent for right DLPFC under the TMS coil [see Methods for localization of this region of interest (ROI)]. As expected (7-9, 28), higher activity was observed for right DLPFC in the presence of distraction [t(15) = 2.55; P < 0.05; two-tailed, as for all subsequent t tests reported here]. Also, as expected, activity in this region was greater for high-vs. low-intensity TMS [t(15) = 2.63; . Schematic of trial events for four example conditions. Each trial began with presentation of three targets from one category. In half of trials, the targets were faces (A and C); in the other half, they were houses (B and D). After a short delay, a probe stimulus from the target category appeared; participants judged whether or not it had been one of the three preceding targets. In the middle of the delay period (indicated by the lightening flashes in A-D), three high-intensity or three low-intensity TMS pulses were applied, at timepoints when three distracters from the opposite category to the targets could also be presented (C and D). E illustrates application of TMS over right DLPFC (see Methods and Fig. 3 for localization of this region in each participant) during fMRI. This approach allowed assessment of any impact from stimulation there on activity in posterior FFA or PPA ROIs (in F, see blue and red clusters, respectively, for a representative participant). P < 0.05], indicating that our TMS parameters were successful in significantly modulating the targeted region. The left DLPFC homolog showed a similar but marginal trend for higher activity with distraction present vs. absent [t(15) = 1.94; P = 0.07]. However, unlike (stimulated) right DLPFC, there was no significant impact of right DLPFC TMS intensity on (unstimulated) left DLPFC activity [t < 1.1; not significant (n.s.)].
Next, we assessed whether high-vs. low-intensity DLPFC TMS affected activity in the posterior FFA and PPA ROIs. (For each participant, we could reliably identify right hemisphere FFA and bilateral PPA; see Methods.) A three-way ANOVA on (high > low) TMS-induced differences of BOLD percent signal change, with factors of ROI (right FFA, bilateral PPA), memory-target category (face, house), and distraction (present, absent) yielded a significant three-way interaction [F(1,15) = 11.26; P < 0.01]. This interaction was due to the FFA response being increased by (high) DLPFC-TMS specifically during face memory with house distracters [t(15) = 4.04; P < 0.01; Fig. 2A ], whereas analogously in PPA responses were increased by TMS specifically during house memory with face distracters [t(15) = 2.19; P < 0.05; Fig.  2B ]. When the preferred category for the corresponding posterior ROI functioned as a distracter instead of a memory target, significant TMS-induced effects were no longer observed. Specifically, TMS did not modulate FFA responses for house memory with face distracters [t(15) = 0.28; n.s.], and analogously, in PPA, face memory trials with house distracters were not modulated by TMS [t(15) = 1.01; n.s.]. The significant TMS effects on distraction-present trials differed from distractionabsent trials within FFA during face memory [t(15) = 3.74; P < 0.01] but not house memory [t(15) = 0.51; n.s.], and within PPA for house memory [t(15) = 2.57; P < 0.05 but not face memory [t(15) = 0.45; n.s.] (Fig. 2) .
For completeness, we also report the results for bilateral FFA when pooling across hemispheres in those 11 participants for whom both right and left FFA could be readily identified. Despite the reduced n, the same pattern of results was found. Three-way ANOVA on the TMS-induced differences in FFA, with right vs. left FFA now as an additional factor, found no interaction of hemisphere × target category × distraction (F < 1.5; n.s.). The interaction between memory target and distraction still reached significance [F(1, 10) = 5.65; P < 0.05] with a pairwise comparison showing a marginal effect of TMS on face targets in the presence of house distracters [t(10) = 2.02; P = 0.07]. Similarly, when the TMS-induced effects for the PPA data were separated by right vs. left PPA, which was possible for all participants, there were no interactions involving hemisphere (all F values < 1). Thus, our critical findings for the posterior ROIs did not depend on hemisphere (except for the general aspect that, consistent with previous studies, FFA was more readily identified in the right hemisphere in more subjects; refs. 29 and 30). Finally, we investigated whether the critical fMRI results in FFA/PPA due to DLPFC-TMS remain significant when considering just those participants for whom the behavioral effect of distracter presence was largest; for the corresponding subset of 9/16 participants, we confirmed it to be so.
Discussion
Current evidence suggests that DLPFC becomes involved in visual WM when distracters might disrupt the short-term maintenance of visual target information (7) (8) (9) 28) . DLPFC might then exert modulating influences on posterior visual regions involved in WM storage. However, directly causal evidence for such DLPFC influences over posterior regions had remained lacking (although see one patient study in ref. 6) . To provide such causal evidence, our approach applied time-locked TMS to DLPFC during the delay period and studied whether and how posterior regions (FFA and PPA) would be influenced by TMS, thus revealing which "gates of communication" were open between these regions and DLPFC when TMS was administered. In this way, we could de- Fig. 2 . Interparticipant mean BOLD percent signal changes (±1 SEM) due to high-minus low-intensity DLPFC-TMS (i.e., the differential change in BOLD due to an increase in TMS intensity) are shown for FFA (A) and PPA (B). Asterisks indicate significant effects of TMS. Note that high-intensity TMS increased BOLD in FFA specifically when faces served as memory targets in the presence of house distracters. Analogously, high-intensity TMS increased activity in PPA specifically when houses were memory targets in the presence of face distracters. Thus, DLPFC stimulation had an impact on the posterior region representing the current target (rather than the current distracter), but only in the presence of distraction.
termine whether DLPFC communicates primarily with distracter processing areas to suppress their activity or with target representing regions to protect ongoing target maintenance during a delay with distraction.
Our online TMS-fMRI data provide a unique form of evidence for the latter target-protection account of DPLFC-based control. When distracters were presented during the task delay period, we observed an increase in both right and left DLPFC activity (regardless of TMS intensity), implying that this region is involved during distraction. Importantly, DLPFC-TMS time-locked to the presentation of these distracters led to activity increases in posterior stimulus category-sensitive visual regions (FFA or PPA), but only when distracters were present. Finally, this remote influence was evident as an increase in BOLD response in the region representing the current memory targets but not the distracters.
These results provide compelling evidence that control signals from DLPFC propagate to posterior target-representing regions to help overcome the deleterious effects of distraction during WM maintenance, consistent with the emerging view that a key role for prefrontal cortex is selective processing of target-specific information (10, (31) (32) (33) (34) . Additionally, the lack of any TMS effects in the absence of distraction supports the view that the DLPFC is not necessary for "simple" maintenance (35-37), but rather becomes key when distraction must be overcome (8, 38) . Our results show that the influence of DLPFC on posterior regions is not static and fixed (which should have led to equivalent remote effects of TMS in all our conditions) but instead can change in a highly dynamic way with different task conditions. This dynamic role for DLPFC may accord with an emerging "adaptive coding" account for DLPFC function (3), which emphasizes that the tuning of DLPFC neurons can alter dynamically with task conditions. Such adaptive coding implies changes in communication with posterior regions, as also implied by the remote effects of DLPFC-TMS we observed. Moreover, the adaptive coding framework puts particular emphasis on DLPFC representation of target information (10, 39) , which could accord with the present target protection findings.
But other findings on visual WM have been taken to emphasize delay period distracter suppression rather than target enhancement (6, 8, 9) . It should, however, be noted that standard fMRI and EEG studies cannot, on their own, provide truly causal evidence (in an interventional sense) for the role of specific frontal regions in modulating posterior regions. A more interventional approach, such as TMS over a frontal region combined with neural measures of the impact on posterior regions, is required.
Some recent work by Zanto et al. (13) did use TMS, albeit combining it with EEG rather than fMRI and using TMS in an offline manner (i.e., a long train of low-frequency repetitive TMS, intended to reduce excitability of the targeted site for a prolonged period afterward). Such prolonged TMS cannot be time-locked to task events, unlike the online TMS used here during fMRI. Moreover, Zanto et al. (13) targeted the inferior frontal junction with TMS, unlike the DPLFC-TMS site targeted here, which we had chosen because the latter is specifically known to activate when dealing with distracters during a WM delay period (7-9, 28), a result we also replicated here. Zanto et al. (13) found that EEG signatures from posterior electrodes for distinguishing task-relevant vs. task-irrelevant stimuli during encoding were diminished after offline TMS over the inferior frontal junction. Specifically, the enhancement of response amplitude for task-relevant stimuli observed under sham stimulation was decreased after real TMS, and the associated diminution in response normally shown for task-irrelevant stimuli was also less evident after real TMS.
In a related study, Higo et al. (14) also applied the same offline TMS protocol again over the inferior frontal junction, followed by fMRI scanning in which participants had to retain only a subset of previously encoded information and discard what became taskirrelevant information. In stimulus-sensitive posterior regions, they, too, observed a TMS-induced loss of effects depending on task relevance/irrelevance. Their findings complement those of Zanto et al. (13) in highlighting the role of the inferior frontal junction (as distinct from DLPFC) in modulating task-relevant vs. task-irrelevant stimulus processing. Despite the many considerable differences between the present study and this previous work, we think the results can be reconciled. We suggest that DLPFC plays a role in target protection during the delay period, as shown here, whereas the inferior frontal junction plays a role in distinguishing relevant from irrelevant information for encoding, as the other offline TMS studies have shown. This finding would be consistent with growing evidence for functional specialization within different frontal regions (34, 40, 41) .
In sum, our study provides a new line of causal evidence that DLPFC is a source of top-down cognitive control signals during WM maintenance, specifically engaged when distracting information is present in the visual scene. These control signals vary dynamically with task context, being found here to increase activity in posterior brain regions related to maintained WM targets. These results are consistent with the view that DLPFC protects relevant information in the face of irrelevant distracting information.
Methods
Participants. Sixteen right-handed participants (9 male) with no history of neurological or psychiatric abnormality had a mean age of 25 y (SD = 5.7). All were screened to confirm suitability for receiving TMS and gave written informed consent in accord with local ethics approval.
Stimuli. Ninety grayscale male and female face stimuli were drawn from the Karolinska face database (http://webscript.princeton.edu/∼tlab/databases/ database-2-karolinska-dataset/) and the XM2VTS database of the University of Surrey (http://www.ee.surrey.ac.uk/CVSSP/xm2vtsdb/). Ninety grayscale house stimuli were from an in-house database. All stimuli were 220 × 290 pixels and subtended 12.7°× 16.8°of visual angle. Face stimuli were cropped to an oval shape, removing the hair, and the resulting outer contours were blurred by using the Adobe Photoshop (CS4) blur tool. All stimuli were presented at display center against a gray background. Given that 120 stimuli from each category (faces, houses) were required per functional run (see below), and there were 90 from each category available, 30 stimuli from each category were repeated within each run with the constraint that stimuli that were presented as memory targets could not be presented as distracters within the same run. Also, to avoid possible effects of proactive interference, there were at least three trials kept between stimuli that were memory targets in one trial and nonmatching probes in another. For each participant, the stimuli to be repeated within one scanning run were ran- Fig. 3 . Location of right DLPFC-TMS site. For each participant, the location of the right DLPFC targeted with TMS is indicated by a red marker on its own 3D-rendered native space structural scan.
domly selected across runs to prevent systematic repetition of specific stimuli within the experiment.
Delayed Recognition WM Task. Each trial began with sequential presentation of either three face or three house memory target stimuli, each presented for 360 ms separated by 270 ms. For distraction-absent trials, this presentation was followed by an unfilled delay period of 3,420 ms. For distraction-present trials, there was an initial unfilled delay period of 900 ms, followed by sequential presentation of three distracter stimuli (each for 360 ms separated by 270 ms) from the opposite category, then a further 900 ms of unfilled delay. For both trial types (distraction present or absent), the delay period of 3,420 ms was followed by a single probe stimulus from the same category as the memory target, presented for 900 ms. Participants judged via two-choice right-handed button press whether or not this probe matched one of the memory target stimuli that had appeared earlier in the trial (50% probability of match). The intertrial interval (ITI) was 1,700-4,600 ms, varied along 600-ms steps, resulting in six ITI lengths that occurred with equal probability eight times within each run.
fMRI. Whole brain images were acquired on a 1.5-T scanner (Sonata; Siemens). High-resolution T1-weighted images (176 sagittal slices; 1 × 1 × 1 mm within a 256 × 240 matrix) were obtained in all participants. A multislice gradient echo echoplanar imaging sequence was used to acquire the BOLD signal (repetition time of 3,000 ms, echo spacing of 50 ms; 64 × 96 matrix; 33 axial slices, 3 × 3 × 2.5 mm, 1.25-mm gap; 50% phase oversampling in the phase encoding direction was applied to shift any Nyquist ghost artifact due to presence of the TMS coil outside the volume of interest) (16, 17, 20, 21, 42) . Each participant completed five functional runs, each comprising 184 volumes, including 5 initial volumes discarded to allow for steady-state tissue magnetization. Before functional scans for the WM task, a fieldmap scan [double echo FLASH (gradient recalled echo) sequence with TE1 = 10 ms, TE2 = 12.46 ms; 3 × 3 × 2-mm resolution with 1-mm gap] was acquired to allow for correction of magnetic field inhomogeneities during preprocessing.
TMS. TMS was delivered via a Magstim Rapid
2 stimulator by using an MRIcompatible 70-mm figure-of-eight coil. The stimulator was placed inside an RF-shielded cabinet in the scanner room. The TMS coil cable was passed although a ferrite sleeve and filter box (Magstim). To prevent leakage current through the TMS coil, a high-voltage relay was connected to the stimulator (42) , and during non-TMS-stimulation periods, this relay was closed to prevent current flow through the TMS coil. The relay was opened 90 ms before the first TMS pulse and closed 90 ms after the last pulse on each trial.
The TMS site over right DLPFC was selected based on a combination of individual anatomy and Montreal Neurological Institute (MNI) coordinates from a previous fMRI study [40, 46, and 22 ; as per an activation in right DLPFC reported by Sakai et al. (7) for a WM task with distraction]. See ref. 43 on the rationale for taking individual anatomy into account as well as published group activation coordinates. For each participant's native-space T1 scan, the midpoint along the middle frontal gyrus was identified. The coordinates of this midpoint were converted to MNI space (via rigid body transformation) and compared with the Sakai et al. (7) coordinates. If the Euclidean distance between these coordinates was >2 cm, the target was adjusted by linearly shifting the target in the direction of the Sakai et al. (7) coordinates until it was at a distance of not more than 2 cm. The mean MNI coordinates across participants for the resulting stimulation target were 37, 36, 34 (SD for x = 3.1, y = 3.1, z = 4.2]. For each participant, the TMS target in MNI space was then converted back into native space (Fig. 3) , and this location was marked on their scalp after neuronavigation with Brainsight infrared frameless stereotaxy (Rogue Research), performed outside the scanner.
In the scanner, the TMS coil was held in position over the marked location with a custom nonferromagnetic holder. The coil was oriented at ∼45°from the midline with the handle of the coil pointing in a posterior direction to induce an initially anteroposterior current. Three TMS pulses were applied over the right DLPFC on each trial-either three at 110% ("high" intensity) or three at 40% ("low" intensity) of each participant's resting motor threshold-with parameters adopted from previous TMS-fMRI studies (20, 21) . The first pulse was applied 1,710 ms after memory target offset, coinciding with the second distracter for distraction-present trials or at the same timepoint in the unfilled delay period of distraction-absent trials. The three brief pulses were not expected to disrupt behavior (which could otherwise have complicated interpretation of the concurrent fMRI data). Instead, as in other recent TMS-fMRI studies (20, 21) , we applied brief TMS pulses here as a physiological probe to determine any propagation of influences to brain regions remote from the stimulated site (here specific extrastriate regions; see below). Each pulse was timed to coincide with the slice readout phase of slice acquisition, resulting in a stimulation rate of 11 Hz. This procedure resulted in the loss of only one MR slice per TMS pulse. For further details on the setup and implementation of TMS-fMRI in this scanning environment with similar parameters, see refs. 16, 17, 20, 21 , and 42.
Design and Experimental Procedure. We used a fully factorial, balanced, eventrelated design with three factors: memory target category (face or house), distraction (present or absent), and TMS intensity (high or low), resulting in a total of eight conditions. Participants performed 48 trials per run, randomly ordered, resulting in 30 trials per condition across 5 runs. Stimuli were viewed through a projection mirror. Before scanning, participants received training on up to 48 trials to familiarize them with the task.
fMRI Preprocessing and Analyses. After reconstruction, slices spoiled by TMS pulses (one slice per pulse; see above) were removed by means of an in-house routine, in which slices with a signal magnitude of >3 SD from the mean were replaced by the mean of the same slices from the preceding and proceeding volumes (17, 21) . Next, the first five volumes were discarded, and images were realigned to the middle of the series. The images were then spatially smoothed by using a 5-mm full-width-at-half-maximum Gaussian kernel, and slice-timing correction was applied. The final step of preprocessing was correction of magnetic field inhomogeneities (as measured by the acquired fieldmap scans) via geometric unwarping.
The voxel-wise effects of the eight experimental conditions were estimated by multiple linear regression of the high-pass filtered (cut off 128 s), prewhitened voxel time series onto a model specifying each condition. Each condition-specific trial was specified by a delta function placed at the start of a trial, which was then convolved with the synthetic hemodynamic response function, resulting in each trial being modeled as one epoch.
Individually Defined ROIs. Our a priori ROIs were the stimulated right DLPFC (for completeness, we also looked at the symmetric left DLPFC; see below) plus the FFA and PPA, defined in each individual by their functional preference for faces or houses on distraction-absent trials regardless of TMS intensity (see below).
For DLPFC ROIs, we centered spheres with a radius of 10 mm at each participant's TMS site in right DLPFC. Parameter estimates scaled to reflect percent signal change relative to voxel baseline were then averaged across all voxels within the sphere for each individual participant.
For each participant, to identify posterior ROIs in inferior temporal cortex sensitive to stimulus category (27, 29, 30) , the following standard contrasts were computed for distraction-absent trials regardless of TMS intensity: face > house for FFA; house > face for PPA. (Note that the factorial experimental design rendered these contrasts orthogonal to those from which further effects of interest were computed, for which TMS intensity was a factor.) The posterior ROIs were then derived from significant clusters for these contrasts, as determined by Z > 2.3 with a cluster-corrected threshold of P = 0.05, which also conformed to the anatomical constraints described by Ranganath et al. (27) . Specifically, FFA was constrained to the fusiform gyrus, and PPA was constrained to parahippocampal gyrus extending into collateral sulcus. In this way we were able to identify bilateral PPA and right FFA in every participant, and accordingly the results are reported for these ROIs (i.e., pooling over PPA in both hemispheres, while scoring FFA for the right hemisphere, in which it was more consistently found across participants) (see refs. 29 and 30) regarding the tendency for right lateralization of FFA in participant groups). In 11 participants, we could also identify face-sensitive clusters in the left FFA. For this subset, we computed TMS-evoked responses pooled across both hemispheres for further analysis.
